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Introduction

AggieAir sUAS

Results

Small Unmanned Aerial Systems (sUAS) have become an accessible technology for
collection of spatially distributed temperature data at fine resolution. Nevertheless,
lack of standard procedures for atmospheric temperature correction can have an
adverse impact on the conclusions and replicability of studies using this technology.
This work presents a vicarious calibration methodology for sUAS thermal imagery
traceable back to NIST standards. For this methodology, a 3-yr. data collection
campaign with a sUAS technology, called “AggieAir”, developed at the Utah
Water Research Laboratory, was performed under different daytime conditions. A
comparison between original and vicarious calibration for the sUAS thermal imagery
is provided, along with a set of recommendations for scientific thermal sUAS
applications.

AggieAir is a collection of sUAS remote sensing equipment, including multiple
platforms and interchangeable sensor packages, developed by Utah State University for
scientific applications in natural resources, environmental applications, and agriculture.
It has a customizable payload for short, medium, and long waveband sensors, with
continuous improvements for extended flight time (3.0 hrs. on a single battery charge,
up to 12,000 ft. MSL, weather sensors, etc.). To achieve scientific accuracy, intense
ground data collection and research has been conducted to produce reflectance estimation
protocols, address camera vignetting, assure accurate image orthorectification, etc.

Before Flight:

Example of surveyed sites for ground thermal measurements for wet soil with vegetation (left), top of vine
canopy (center), bare dry soil (right). Note the use of RTK GPS for accurate location coordinates of all ground
measurements.
Estimated parameters for the radiative transfer model for the 3 year experiment

Thermal Sensors for sUAS
In terms of weight limitations, sUAS (under 25 Kg) have one available radiometric
thermal solution: microbolometer sensors (below 150 gr) with a spectral response from
~7um to ~14um (using Vanadium Oxide VOx/Amorphous Silicon A-Si). Cryogenic
thermal sensors are still too heavy (over 1000 gr). Manufacturer's radiometric calibration
plays a major role in data quality, with reported laboratory accuracies of +/-5 0C (FLIR)
and +/-1 0C (ICI).

(Left) Ambient temperature blackbody used. (Center) Temperature image of blackbody at ground elevation.
(Right) Regression analysis of blackbody vs ground thermal camera (blue dots indicate over 200 independent
measurements over 3 years; dotted line is the regression line; black solid lines are reported blackbody
uncertainty, from+/- 0.2 to +/-0.40C; and red lines indicate ICI camera uncertainty, +/- 10C)

(Left) ICI Camera 9640 Series. (Right) VOx Spectral Response and 7 to 14um Filter (shaded area)

Atmospheric Impact on Thermal Sensors

Materials & Methods

Example of the vicarious calibration of sUAS temperature image for 03 May 2016 afternoon flight.
Units in Celsius. (Left) Original sUAS temperature map, (Center) sUAS temperature map after vicarious
calibration, (Right) Difference (calibrated minus original sUAS map)

A 3-year campaign (2014-2016) in agricultural lands (vineyards) in California was
conducted to collect temperature information at ground level and sUAS elevation. The
flight altitude was 450m AGL. Measurements (and flights) were made at sunrise, midmorning, and afternoon times.

As for any thermal sensor, microbolometer sensors are affected by external conditions
(flight elevation, water vapor, air temperature) which will impact their accuracy. In
addition, microbolometers have different operating conditions (variable air temperature
vs criogenic temperature control). These factors can be addressed by using a radiative
transfer model (Barsi et. al. 2003):

Conclusions
(Left) Ground thermal camera acquiring images over surveyed areas. (Center and Right) Top of canopy and bare
soil temperature images at ground elevation. Ground measurements are completed during sUAS flight time (~15
min)

LsUAS = τ ε LT +Lu + (1-ε)Ld
where τ is the atmospheric transmission, ε is the emmisivity of the surface, LT is the
radiance of a blackbody target of kinetic temperature T at ground level, Lu is the
upwelling or atmospheric path radiance, Ld is the downwelling or sky radiance, and LsUAS
is the radiance measured by the thermal camera on board the sUAS. Radiance is in units
of W/m2 and τ and ε are unitless. If only brightness temperature is required, ε can be
considered 1.0, simplying the equation to:

During Flight:

After Flight:
Vicarious calibration methodology
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LsUAS = τ LT +Lu
Temperature to radiance conversion can be made using the Plank Equation:
L(λ,T)=c1/[λ (exp(c2/λT)-1)]
5

-1

where c1 = 3.74*108 W.um4m-2 and c2 = 1.44*104 um.K. λ is the mean wavelength (m)
and T is temperature (K).

● Vicarious calibration is necessary for scientific applications that require accurate
radiometric data, such as evapotranspiration, soil moisture, nitrogen estimation,
etc.
● The proposed procedure is for brightness temperature estimation (without
accounting for emissivity).
● The methodology is applicable to any environment (natural, urban, agriculture,
open water, tall canopy, etc.).
● This methodology can benefit from simultaneously flying two sUAS (a VTOL at
ground elevation along with a fixed-wing at desired AGL).

Sensors used in the vicarious methodology

(Left) Example of aligned pixels from ground and sUAS images. (Right) Pixel values from sUAS radiance map
(grey line), ground camera (blue dots) and sUAS radiative transfer model result (orange line) for 03 May 2016
afternoon sUAS flight.
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